Abstract In order to study the cognitive function rhythm related to the auditory frequency system for people who prefer to be active in the morning and at night, we conducted an experiment during morning (09:00), evening (17:00) and latenight (01:00) periods. On the basis of a morningness/ eveningness questionnaire, six moderately morning-type subjects (M-types) and seven evening-type subjects (E-types) were selected. Diurnal variation of event-related potential (ERP) were assessed under low-frequency (250/500 Hz) and high-frequency (1000/2000 Hz) condition using an oddball task. M-types were tested during the morning (09:00) and evening (17:00) periods, and E-types were tested during the evening (17:00) and midnight (01:00) periods. Subjects were asked to press a button when the target stimulus was detected. We found that the P300 amplitude at 09:00 was significantly greater than that at 17:00 for M-types, was significantly greater at 17:00 than that at 01:00 for E-types. A significant difference of P300 latency and P300 amplitude was observed at 17:00 between M-types and E-types. The P300 amplitude obtained after a low-frequency stimulus was significantly greater than that after a high-frequency stimulus at 09:00 for M-types, and at 01:00 for E-types. These results revealed that stimulus frequency had effects on the diurnal changes of human cognitive function, and circadian typology had a direct effect on the diurnal change of human cognitive function. This study has extended the previous findings of auditory P300 studies on diurnal variations in terms of circadian typology and stimulus parameter.
Introduction
The diurnal type is a construct embedded in popular culture (Katzenberg et al., 1998) and has been defined by chronopsychologists as the time of day when an individual prefers to be most active. A 'morning type' (M-type) prefers to be most active earlier in the day, while an 'evening type' (Etype) prefers to be most active later in the day. There are indications that M-types can be differentiated from E-types on the basis of the values they record on certain psychological and physiological variables during morning and evening hours. Previous study (Horne et al., 1980) suggested that M-types typically perform tasks better in the morning than in the evening, whereas for the E-types it is the other way around. With regard to self-rated alertness, M-types have been reported to attain higher values than E-types in the morning, while Etypes attain higher values than M-types in the evening (Thor, 1962; Pátkai, 1970; Pátkai, 1971; Bohle et al., 2001) . Other previous studies reported that subjective alertness shows a pronounced difference between diurnal types, with M-types peaking in the late morning and E-types in the late afternoon (Kerkhof, 1985; Kerkhof, 1998; Natale and Cicogna, 1996) . However, systematic studies on the diurnal variations of the cognitive function related to interindividual differences in the diurnal arousal pattern are very few. The field of physiological anthropology aims ultimately at the elucidation of human nature (Sato, 2000) , so functional analyses of the diurnal differences of M-types and E-types' cognitive function have become one of the important themes in this field. The use of P300 event-related potential (ERP), provides a neurophysiological means of investigating higher cerebral function, which is related to the amount of cognitive resources available for the evaluation of stimuli and the allocation of attention (Gaillard, 1988) , as well as the level of arousal (Koshino et al., 1993) . Kerkhof et al. (1980) found that the N1-P2 amplitude of auditory and visual evoked potentials for M-types was larger at 08:30 than that at 20:00, while E-types showed the reverse. Kerhof et al. (1982) complex and the P3 components during an auditory threshold detection task at 4 different times of day (09:00, 13:00, 17:00, and 21:00) using M-types and E-types, though failed in finding any relationship between the time of day and the habitual pattern. The N1-P2 wave reflects early-stage attentional processing by the brain; however it does not reflect the cognitive brain processes. Unlike the N1-P2 complex, the P3 (equal to P300) has been identified as a group of so-called endogenous components, for which the relevance of the eliciting event is a necessary condition (Donchin et al., 1978) , and has been interpreted as a manifestation of the cognitive involvement of the subjects in the task or the amount of effort invested in perceptual processing (Isreal et al., 1980) . It has become very clear that further study is indispensable to explore the diurnal variations of the ERP (P300) in order to find the differences of cognitive function between M-types and E-types. Sound plays an important role in our life. Accurate pitch perception across a wide frequency range is a prerequisite for auditory information transmission, such as instrumental alarms and speech perception. The influence of stimulus frequency on the diurnal differences between M-types and E-types in ERP remains unknown.
Therefore, in the present study, we systematically investigated the neural function and behavioral performance indexed by ERP (P300) for M-types and E-types across different frequency ranges throughout the day.
Methods

Subjects
On the basis of a translated version of the morningness/ eveningness questionnaire (Horne and Ostburg, 1976) , a total of 13 male healthy undergraduate students (mean age ϭ22.5, SDϭ2.8 yrs) were selected to participate in the present study. The questionnaire consisted of 19 questions pertaining to habitual bed and waking times, preferred times of physical and mental performance, and subjective fatigue after rising and before going to bed. The questionnaire yields scores on a single scale of 'morningness' vs 'eveningness' ranging from 16 to 86. Higher scores suggest greater 'morningness'. Lower scores indicate greater 'eveningness'. Horne and Ostberg (1976) classify subjects who score 70-86 on their questionnaire as 'definitely morning type', those who score 59-69 as 'moderately morning type', those who score 42-58 as 'neither type', those who score 31-41 as 'moderately evening type', and those who score 16-30 as 'definitely evening type'. Because our goal was to study the cognitive function of people who are active at morning or night, we selected six subjects who were moderately morning-type (M-types, average scoresϭ60.33Ϯ1.03, average waking timeϭ8:05Ϯ0:35, average bedtimeϭ23:20Ϯ0:30 hr) and seven subjects who were moderately evening-type individuals (E-types, average scoresϭ37.43Ϯ3.41, average waking timeϭ 11:15Ϯ2:02, average bedtimeϭ2:08Ϯ1:03 hr). They reported normal hearing and no neurological or psychological problems. They were told to get a normal night's sleep prior to participation and to abstain from alcohol and caffeine on the day of the experiment. All of the subjects were fully instructed regarding the experimental contents, and agreed to participate in the present experiment.
Recording conditions
Electroencephalogram (EEG) activity was recorded with Ag/AgCl electrodes affixed with electrode paste and taped at the Fz, Cz, and Pz electrode sites of the international 10-20 system, with impedances of 10 kW or less. Linked earlobes were used as a reference with a forehead ground. A bipolar electrooculogram (EOG) was recorded with electrodes placed at the outer canthus and supraorbitally to the left eye. The EEG and EOG were amplified by a multichannel bioamplifier (MME-3124, Nihon Kohden). The EEG bandpass filter was 0.53-30 Hz; the EOG bandpass filter was 0.016-15 Hz; and the EEG was digitized at 1 ms/point for 800 ms with a prestimulus baseline of 100 ms. Waveforms were averaged offline, and trials in which the EEG or EOG exceeded Ϯ75 mV were rejected. Response registrations were controlled by a computer (LaVie C LC500/3, NEC). The P300 amplitude was measured relative to the pre-stimulus baseline, and was defined as the largest positive-going peak occurring after the N100-P200-N200 complex, within a latency window between 250 and 550 ms. RT was defined as the time from the onset of the stimulus until the subject pressed the button, and any RT value longer than 550 ms and shorter than 150 ms was rejected. At least 30 artifact-free target presentation were obtained for each frequency session.
Stimuli and experimental conditions
The standard and target stimuli were presented binaurally over headphones (MDR-CD2000, Sony), with a duration of 50 ms and 10 ms rise/fall times that were edited using SoundEdit (Macromedia, Inc.) and generated by a computer (iBook M8597J/A, Apple Computer, Inc.). The inter-stimulus interval was 3.0 s. The stimulus intensity was maintained at 70 dB SPL throughout the experiment. The experiment consisted of two stimulus frequency conditions that varied the standard/target tone frequencies: a low-frequency one (standardϭ250 Hz, targetϭ500 Hz) and a high-frequency one (standardϭ1000 Hz, targetϭ2000 Hz), each of which included a training session of 1 minute using the same frequency stimulus as that in the task session in order to familiarize each subject with the task situation, followed by a task session of 15 minutes. The condition interval was 5 minutes, and the entire experiment took approximately 37 min to complete. The order of presentation of the two frequency conditions was randomized for the subjects. In order to compare the diurnal differences of cognitive function between M-types and E-types during the day time to just before sleeping, we chose 09:00 (morning task) and 17:00 (evening task) for M-types, 17:00 (evening task) and 01:00 (midnight task) for E-types as the time of day. We tested first at 09:00 and then at 17:00 for M-types, first at 17:00 and then at 01:00 for E-types.
Procedure
The P300 was elicited using an oddball task. Under all experimental conditions, the subjects kept their eyes open and, in order to reduce eye movement artifacts in the EEG, were requested to fix their gaze on a small black point at a distance 70 cm in front of them and to try not to blink. The target tone occurred randomly with a 0.20 probability. Subjects were instructed to react as quickly as possible to the target stimulus by pressing a button mounted near the right hand but to do nothing when the standard stimulus was detected. Accuracy and reaction time (RT) data were recorded for each target tone presentation. Subjects were instructed to keep quiet on their social activity during the experimental interval. The experiment was conducted between June and August.
Statistical analysis of the data
A three-way repeated measure ANOVA (electrode siteϫ stimulus frequencyϫtime of day) was carried out for P300 latency and amplitude. Two-way repeated measure ANOVA (stimulus frequencyϫtime of day) was carried out for RT. For the data at 17:00, a three-way repeated measure ANOVA (circadian typologyϫstimulus frequencyϫelectrode site) was performed. Paired t-tests were used to compare the difference between the low-frequency and high-frequency condition for a particular time of day. The level of statistical significance for all of these analyses was set at 0.05. Figure 1 shows the global mean P300 amplitude as a function of time of day. A significant main effect of time of day in P300 amplitude was found, which was that P300 amplitude at 09:00 was significantly greater than that at 17:00 for M-types [F(1, 5)ϭ32.322, pϽ0.01], P300 amplitude at 17:00 was significantly greater than that at 01:00 for E-types [F(1, 6)ϭ159.964, pϽ0.0001]. In the case of the data at 17:00, the P300 amplitude for E-types was significantly greater than that for M-types [F(1, 11)ϭ5.631, pϽ0.05]. The interaction with time of day and stimulus frequency reached significance for M-types [F(1, 5)ϭ7.047, pϽ0.05], in that the P300 amplitude obtained after the low-frequency stimulus was significantly greater than that produced after the highfrequency stimulus at 09:00 [F(1, 5)ϭ12.842, pϽ0.05], though not at 17:00. The P300 amplitude obtained after the lowfrequency stimulus was significantly greater than that produced after the high-frequency stimulus at 01:00 for E-types [F(1, 6)ϭ6.258, pϽ0.05], while not at 17:00. Figure 2 shows the global mean P300 latency as a function of time of day. In the case of the data at 17:00, the interindividual difference in the overall means was statistically significant, in that P300 latency for E-types was significant shorter than that for M-types [F(1, 11)ϭ6.163, pϽ0.05]. For the M-types, P300 latency at 09:00 was significantly shorter than that at 17:00 [F(1, 5)ϭ8.326, pϽ0.05] at the Pz electrode site under the high-frequency condition, while no significant diurnal variation was observed at the Fz or Cz electrode site.
Results
P300 amplitude
P300 latency
For the E-types, P300 latency at 17:00 was significantly shorter than that at 01:00 [F(1, 6)ϭ6.335, pϽ0.05] at the Fz electrode site under the high-frequency condition, while no significant diurnal variation was observed at the Cz or Pz electrode site.
Performance
The percentage of errors after the stimuli that required a motor response, either by omission or by a response outside the acceptable time window, was relatively small (M-types 2.6%, E-types 0.80%). Figure 3 shows the averaged RT as a function of time of day. The E-types showed a significantly longer RT at 17:00 than that at 01:00 [F(1, 6)ϭ6.447, pϽ0.05], Fig. 1 Global mean P300 amplitude for each time of day for M-types and E-types. Significant diurnal variation in the P300 amplitude was observed for both circadian typology (pϽ0.01). The P300 amplitude was significantly larger for E-types than that for M-types at 17:00 (pϽ0.05). The P300 amplitude obtained after the low frequency stimulus was significantly greater than that produced after the high frequency stimulus at 09:00 for M-types and at 01:00 for E-types (pϽ0.05). Data are shown as the meanϮSE.
while the M-types showed a slightly longer but non-significant trend at 09:00 than that at 17:00. No significant difference was observed in RT between high-frequency (1000/2000 Hz) and low-frequency (250/500 Hz) stimulus at any time of day.
Discussion
The P300 latency is considered to be related to the time required to categorize and evaluate stimuli (McCarthy and Donchin, 1981) and to be dependent on the level of arousal (Koshino et al., 1993) . The P300 amplitude is believed to be related to the amount of cognitive resources available for the evaluation of stimuli and the allocation of attention (Gaillard, 1988) , as well as being dependent on the level of arousal (Koshino et al., 1993) . The diurnal variation of P300 latency and P300 amplitude may be considered as a result of decreased excitability of the central nervous system, which resulted in a reduction in cognitive processing at 17:00 for M-types and at 01:00 for E-types in this study. In other words, cognitive function was better in the morning than that in the evening for M-types, while it was better in the evening than that at midnight for E-types. With regard to the data at 17:00, the P300 latency was longer while the P300 amplitude was smaller for the M-types than that for the E-types. It also could be said that the cognitive function remains better in the evening for Etypes than that for M-types. Because both the P300 latency and P300 amplitude are dependent on the level of arousal, these results are supported by previous studies which reported that subjective alertness shows a more pronounced difference between diurnal types, with M-types peaking in the late morning and E-types in the late afternoon (Kerkhof, 1985; Kerkhof, 1998; Natale and Cicogna, 1996) . These findings are similar to an earlier report (Kerkhof et al., 1980 ) that the N1-P2 amplitude of auditory and visual EPs for M-types was larger at 08:30 than at 20:00, while E-types showed the reverse. The reason for the diurnal variation of P300 latency occurring only under the high-frequency condition is unclear. It may be that subjects were more sensitive to the highfrequency stimuli than that to the low-frequency stimuli (Sek and Moore, 1995; Kishon-Rabin et al., 2001) .
Logically, an increase in the task difficulty implies a greater cognitive demand, which is associated with a greater allocation of attention and memory resources, which in turn is related to higher P300 amplitude. For example, the P300 components 52 Diurnal Changes of ERP Response to Sound Stimuli of Varying Frequency in Morning-type and Evening-type Subjects Fig. 2 Global mean P300 latency for each time of day for M-types and E-types. The P300 latency for E-types was significantly shorter than that for M-types at 17:00 (pϽ0.05). Data are shown as the meanϮSE. were somewhat larger for the oddball task compared to the single-stimulus paradigm (Cass and Polich, 1997) . However, in the case of the decreased P300 amplitude at 17:00 for M-types, and that at 01:00 for E-types, it was not caused by the lower task difficulty but the lower arousal level, because the decreased P300 amplitude was not accompanied by a decreased P300 latency. For the result that the P300 amplitude obtained after the low-frequency stimulus was significantly greater than that produced after the high-frequency stimulus, it might be explained as the result of the increased task difficulty due to the subjects' lower sensitivity to the low-frequency stimulus (250/500 Hz) compared to the high one (1000/ 2000 Hz), because humans are sensitive to tones in the frequency range between 2000 Hz and 5000 Hz (Durrant and Lovrinic, 1995) . This finding is in line with the results of previous studies that involved varying stimulus frequencies within hearing level ranges (250-4000 Hz) while maintaining constant intensity, P300 amplitude was comparatively somewhat larger for low-frequency stimuli (Polich, 1989b; Polich et al., 1985; Pollock and Schneider, 1992) . Why did this phenomenon only take place at 09:00 for M-types, at 01:00 for E-types? The environmental noise level might be thought somewhat lower in the morning and at midnight compared with that in the evening. However, this cannot be the reason here because we maintained the same environment noise level among all task periods in the present study. Further effort is needed to solve this problem. P300 latency appears to reflect the outcome of the stimulus evaluation process, while RT also depends on the subsequent programming and execution of the motor response (Gaillard, 1988) . Several studies have found discrepancies between P300 latency and RT. RT did not correlate with P300 latency, which is believed to reflect the speed of information processing (Higuchi et al., 2000) . Morris et al. (1992) reported that the increase in P300 latency after sleep deprivation was not accompanied by an increase in RT. In the present study, RT at 17:00 was shorter than that at 09:00 even though it was not significant for the M-types, and RT at 01:00 was significantly shorter than that at 17:00, while P300 latency was longer. Considering that the oddball task was relatively simple, it is possible that this shorter RT may be due in part to the subjects' prior experience at carrying out the experimental task because this experiment was performed first at 09:00 for M-types and first at 17:00 for E-types.
Exploring the question of whether the changes in P300 latency and P300 amplitude during the evening (M-types) and midnight (E-types) periods could be due to habituation, some researchers have noted that habituation is likely to occur when there are 200 or more rare tone presentations with no interval between sessions, but it can be prevented by inserting a 1-hour interval between the testing sessions (Polich, 1989a; Wesensten et al., 1990) . Our experiment administered an average of 60 rare tones and provided an 8-hour interval between the two trials, and hence it is unlikely that the changes in P300 in the present study are due to habituation.
In conclusion, we found that circadian typology had a direct influence on the diurnal changes of cognitive function. Furthermore, we also found that stimulus frequency had effects on the diurnal changes of human cognitive function for both M-types and E-types. This study has extended previous findings of auditory P300 studies on diurnal variations in terms of circadian typology and stimulus parameter. However, the results of the present study were unable to establish the precise trend of cognitive function over the day, because the measurements were performed only a few times a day, and other factors that reflect the circadian rhythm, such as the arousal level, core body temperature and melatonin concentration were not measured at the same time. Therefore, in order to provide any real predictive power for individual factors related to cognitive function for shift work, further research, with more testing times and testing items, is needed.
